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Abstract
The Hybrid AC/DC house is a sustainable alternative to preexisting residential power
systems. The implementation of a DC bus in current homes will allow inefficient DC-AC and
AC-DC conversions to be circumvented. This provides a direct path for current to flow to DC
loads from DC sources such as solar panels to minimize power losses. In doing so, this will give
users the ability to power their homes strictly from renewable sources and substantially decrease
reliance on the utility. For this purpose, the hybrid AC/DC house is also designed in such a way
to be completely grid independent to provide power to rural communities that do not have access
to the typical AC grid. This project provides a manufacturable model that solves the issue of
energy access with a focus on creating a more sustainable future. The hybrid AC/DC house has
been constructed with a couple of inputs: solar panel providing the DC energy and AC from the
grid. A battery is also added to the system to improve reliability. Tests of the constructed hybrid
AC/DC house system demonstrate the functionality of the system by getting the energy from
both the AC and DC sources to power loads.

Chapter 1: Introduction
Developing countries in the world face an increasingly growing demand for electrical
power caused by many factors including climate change and modern technologies. With an
increase in global temperature predicted to rise by 2-9.7°C by 2100, energy usage will clearly
continue to keep rising [1]. Increasing energy usage translates to additional stress on AC
distribution grid that cannot handle such high demand. This combination is particularly
dangerous as an overloaded system can result in overheated transmission lines and distribution
elements. The effects of this occurring could yield both a concern for public safety in the form of
increased wildfires or unintentional blackouts. A strategy implemented to reduce these looming
safety issues comes in the form of an increasing number of scheduled rolling blackouts to relieve
stress from the grid [2].

A concern as significant as this must be addressed by focusing on the root cause of the
issue to combat the effects of an increasingly hotter world. Currently, the main source of power
generation in the U.S. remains fossil fuels as depicted in Figure 1.1 with renewables slowly
starting to increase in the energy production space. However, this is not the case in the other
parts of the world like Europe where renewables account for more than 30% of the overall
energy production [3]. Investment in critical infrastructure like solar can and should be done at
the utility level as well as commercial and residential levels.

Figure 1-1. Fossil Fuels vs Renewables

The logical step to reduce emissions and thus slow global warming would be to ramp up
production of renewable energies to decrease dependance on harmful energy sources such as
fossil fuels. One approach that is being taken is to utilize solar farms as an energy source to
supplement the grid when and keep its supply about demand levels. This is an excellent first step
as moving to a strictly renewable energy system that is designed around AC operation is not
feasible as it would cost an exorbitant amount of capital.
Today’s residential homes also revolve around AC transmission and distribution as seen
in Figure 1-2 [4]. The amount of power lost in this type of system from both the transmission
lines and lossy transformers is estimated to be around 5% on average according to the US Energy
Information Agency [5]. A typical low percentage loss such as this may seem small at first
inspection but when the billions of kWh’s are being distributed, losses become a massive
problem. Power losses are associated with a transfer of electrical energy to thermal energy which
contributes to equipment failure leading to blackouts.

Figure 1-2. Basic electrical power system [5].

The consequences of rolling blackouts typically flow downstream to become a problem
to its consumers such as local businesses and residents. This has resulted in a renewed push for
communities to supplement the AC power provided by utility with locally generated DC power
with battery backup. This type of configuration is better known as a microgrid which utilizes a
hybrid AC/DC system to provide power to commercial buildings and residential housing. The
DC source supplying the power comes from solar panels which then get inverted to synchronize
to the AC electrical system. The benefit from this approach will reduce stress on the grid as
power coming from the solar panels is decreasing the required amount of power demanded from
the utility; thus, reducing costs to the consumer.

The neglected component is the amount of power lost when inverting the DC to AC
voltages. This conversion experiences losses between 23% and 28%, resulting in substantial
amounts of wasted power [6][7]. These losses are only a fraction of the overall losses that occur
between the time solar power is generated to when the electronic load receives it. As technology

advances so does the amount of DC loads as can be seen in Figure 1-3. These will each require
an additional conversion from AC to DC voltage for proper operation. Once this is factored in,
another 10% power losses through copper loss, hysteresis, and eddy currents. This equates to
around 5 billion kWh of power loss per year in the United States [8].

Figure 1-3. Common Load Types in Residential Homes [6]

The idea behind a hybrid AC/DC system is to promote sustainability by increasing
renewable energy in communities and decrease dependance on the grid. These systems are often
connected to batteries which can supply hours of energy to a home thus preventing the negative
effects of a blackout. In fact, there are some urban areas that have created their own local DC
grid for the distinct purpose of using cleaner energy and for blackout mitigation. With a local DC
grid, neighborhoods participating in the DC connected systems will continue to have power
during blackouts [9]. However, for this to occur, significant investment by the community in
participation would have to occur, thus limiting its access to wealthier societies.

A similar concept can also be applied to rural neighborhoods without access to an AC
power grid. Many times, these areas are in small hard to reach areas of the world where

investment in large scale utility infrastructure would not be justifiable. The use of a DC system
with battery backup is a more practical approach to a solution of this size. Remote locations such
as these must be mindful of how they use and store their energy because their capacity is finite.
This will require the use of efficient bidirectional DC-DC converters so as not to be wasteful
with energy being lost due to heat.

Dependance on energy is a world-wide issue that is complex on that can eventually be
solved by investment in renewable energy and strategic implementation. To receive the greatest
number of benefits that renewables have to offer, there must also be a concerted effort to
maximize the efficiency in residential systems. Developments must be made through
technological advancements to provide the increasing demand for energy required throughout the
world. Finding solutions to current energy problems now is a critical step in securing a
sustainable future.

Chapter 2: Background
The key to achieving a net-zero carbonless energy system in both rural neighborhoods
with and without access to an AC power grid relies solemnly on the implantation of hybrid
microgrids. Electric power sector generation from renewable sources totaled 795 million
MegaWatt Hours (MWh) in the United States during 2021, surpassing nuclear generation, which
totaled 778 million MWh [9]. Figure 2-1 shows a 10-year span on energy generation. The graph
shows that as the years go by the slope of renewables gets steeper and all others are starting to
decrease. California has traditionally dominated the U.S solar market. This is influenced by
adopting into law Senate Bill (SB) 100, which requires 100% zero-carbon energy by 2045, and is
committed to achieving a just and fair energy transition on its path to carbon neutrality (Net
Zero) [10]. To fulfill the high increase in renewable energy implementation, both utility and
residential microgrids must be adapted to comply with new energy efficiency codes, electric
vehicles (EV), LED Lighting, USB-C power delivery, and energy storage systems.

Figure 2-1: U.S. electric power sector electricity generation [9]

High Voltage DC transmission lines (HVDC) are becoming more popular; hence,
renewable energy being direct current. This removes the need of big heavy lossy AC
transformers. The capacity of a two wire AC system is limited to only 70.7% that of a two wire
DC system having the same insulation and the same conductor size [11]. This means that for an
AC line to carry 2,000 MW the right-of-way is 70% wider than for a DC line of equivalent
capacity [11]. The benefits of this are that the infrastructure and conductors needed are far less
expensive and require less land to build the system. Also, HVDC is asynchronous which implies
that two AC systems connected at each end of the DC link does not have to be operating in
synchronism. For example, a project was proposed to build a new renewable energy 400 kV
Adriatic backbone HVDC line from Villanova to Fano (Figure 2-2). This was an assessment of
which configuration gave maximum power transfer: AC or DC transmission. The AC
configuration allowed a maximum power transfer capacity of 1500 MW. On the other hand, the
HVDC link yielded an increase of 1000 MW [12]. As a result, HVDC is more efficient in
overhead and submarine applications.

Figure 2-2: HVDC between Fano and Villanova

DC distribution is not only just happening at the utility level but is seen even more in
residential applications. The U.S. installed 23.6 gigawatts (GWdc) of solar PV capacity in 2021 to
reach 121.4 GWdc of total installed capacity, enough to power 23.3 million American homes.
Solar accounted for 46% of all new electricity-generating capacity added in the US in 2021, the
third year in a row that solar made up the largest share of new capacity [13]. Yes, this is great,
but all these new solar panels still need a converter to switch back to A/C and feed the loads
within the residence. Most loads in a residential system are DC, hence a second converter must
be used to switch back to DC, creating power losses within the power transfer. By having a
straight DC bus in the system, the loads can just tap into the DC bus creating a more efficient
system, removing the two conversions described above. With a DC House distribution system, it
has been estimated that more than 15% overall efficiency improvement may be obtained as
compared to its AC system counterpart [14]. Having a hybrid AC/DC system will feed both AC
and DC loads as seen in Figure 2-3.

Figure 2-3: Hybrid AC/DC System [15]

A Hybrid AC/DC system can resolve the issue of renewable energy. The primary
weakness is that its operation is not guaranteed based on things such as weather conditions, by
integrating multiple energy sources and batteries. This system also complies with California title24 energy code 2022. This energy code encourages efficient electric heat pumps, establishes
electric-ready requirements for new homes, expands solar photovoltaic and battery storage
standards, strengthens ventilation standards, and more [16]. Over the past decade, LED lights
significant impact have made in the industry. A substantial change happened in 2019 when
California implemented the new high efficiency light sources to be installed like LED
luminaries. Since then, all new construction projects or remodels have had LED luminaries
installed. Their low wattage consumption led homeowners and businesses to replace their old
fluorescent/halogen lights with LED’s because if it’s lower cost as it can have power savings of
up to 50%. Their efficiency can be improved by removing the AC/DC converter needed for the
LED’s to be lit up since they require direct current to function. A study was presented at the first
international conference on Sustainable Green Buildings and Communities (SGBC) on which
they showed the inherent advantages of a 48V Low Voltage DC (LVDC) powered LED light
compared to that of an AC powered LED Light. Table 2-1 clearly shows that DC powered
LED’s have the lowest power consumption at the same output lumens. AC powered LED runs at
an efficiency level of 65-85% compared to DC powered of 90-95% [17].

Table 2-1: Different Types of Pout with same Output Lumens [17]

Lighting and appliances are the most used within a residence. Almost, if not all
residential appliances have an AC-DC converter built in internally to them. Figure 2-4 show the
difference between AC and DC system distribution. In the AC distribution system, losses of
energy occur because of DC-AC and AC-DC between the grid and solar source, on the other
hand in DC distribution systems, energy is directly delivered to the load. According to the
comparison made by H.Sabry, the yield on the retail chain in an AC system is 85% compared to
97% of the DC system, approximately 12 % compared with the AC system [18].

Figure 2-4: AC System Dist. (Left), DC System Dist. (Right)

Having a cleaner and more efficient energy system requires the removal of nonsustainable or non-renewable power generators. This will increase the demand in energy as their
will be less gas-powered vehicles. Sales of new light-duty plug-in electric vehicles, including allelectric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVs), nearly doubled from
308,000 in 2020 to 608,000 in 2021 [19]. Sales have experienced almost exponential growth
over the last ten years and will continue to grow because California’s requirement that all new
cars sold be zero-emission by 2035. Having a battery energy storage system helps reduce grid
energy consumption and EV charging. A system designed for the Tagajo campus at the Tohoku
Gakuin University, Japan attempted to operate on a DC-load pattern based on EV charging and
normal AC usage [20]. The system on Figure 2-5 has two renewable energy sources (solar and
wind) and one non-renewable (diesel). Even though their experiment was grid-isolated they
successfully were able to alternate between wind, solar, battery and diesel. When wind and solar
power dropped enough to not fulfill the load, diesel kicked in to deliver the needed power.

Figure 2-5: Circuit Diagram of Tagajo Campus Hybrid AC/DC microgrid

The grid-tied hybrid AC/DC house project that will be analyzed in this document is a
continuation of the prior AC/DC house projects from California Polytechnic University, San
Luis Obispo. The residence will have both AC and DC power in which the consumer can directly
connect an AC only or DC only load. This will minimize the power loss in the system by
removing unnecessary power conversions at the load. As for this project, it will solely be
12VDC, 24 VDC, and 120 VAC outputs. They are areas of development such as the smart wall
plug and the Multiple Input Single Output (MISO) board that is patented by our instructor Dr.
Taufik. However, there will still be a MISO implemented in the design. Two parallelable DC/DC
converters will be used to create a single 48 VDC bus, which will then be connected to the load
converters. Two new designs will be added to the system: switch gears to manually switch
between grid power or solar/battery power and the option to charge the battery with the grid. The
use of a hybrid AC/DC electrical system with battery back-up will create a cleaner more efficient
electrical residential system to ultimately one day reach a net-zero carbonless energy system.

Chapter 3: Design Requirements
The Hybrid AC/DC House project will serve as a baseline for expansion and
implementation of new DC technology future senior project development. Designing a system
that operates with renewable energy as its primary source eliminating the need for multiple
energy conversions is the primary goal of this project. It is to be designed to meet NFPA 70A
requirements for one- to two- family dwellings and will be assembled in a 7 foot by 12 foot shed
outside the Electrical Engineering building at Cal Poly.

3.1 System Design Block Diagrams

As shown in Figure 3-1, the high-level system consists of two inputs, the typical 120V,
60Hz AC provided by the utility and a 12VDC input coming from a solar panel. The system is
designed in such a way for ease of implementation of additional renewable energy source inputs.
The storage of energy is crucial in this design as the home needs to be able to operate during the
time periods when the solar panel is not able to provide energy to the system. This project aims
to incorporate three distinct output voltages of a preexisting AC, a 12VDC, and a 24VDC output.

Figure 3-1: Hybrid AC/DC Level 0 Block Diagram

As seen in Figure 3-2 the Hybrid AC/DC system is documented as a block diagram
expanding upon Figure 3-1. The system is designed to operate AC and DC loads based upon
either AC or DC inputs. The system’s solar panel is connected to a battery and charge controller,
which decides which DC source the system will operate on and determines to whether to supply
power to the batteries, the load, or the AC line. The output of the charge controller is connected
to two parallelable DC/DC converters that will be replaced by a single MISO converter in a
future senior project. The MISO converter will accept up to three inputs, but this system will
only incorporate two, the charger control and the grid AC input. The design of this system can
also support AC to DC conversion to supplement the DC loads if the battery of solar panel
cannot supply the required power demands or to maintain the battery voltage level. The output of
the MISO is then connected to a 48V bus which can be stepped down to 12V and 24V for our
DC loads.

Figure 3-2: Hybrid AC/DC Level 1 Block Diagram

In Figure 3-3, the level 2 diagram is further expanded upon, showing all safety and
monitoring components required in the system and rudimentary solutions to undeveloped
technologies in the current hybrid AC/DC house.

Figure 3-3: Hybrid AC/DC Level 2 Block Diagram

3.2 Solar Panel Capabilities

For this project, a preinstalled solar panel with 18V, 210W ratings will be the primary
source of DC power generation.

3.3 Charge Controller

There are two widely used charge controllers on the market, pulse width modulation
(PWM) and maximum power point tracking (MPPT). For this design, the MPPT controller will

be used for its superior efficiency characteristics. Its I-V curves as a function of irradiance can be
seen in Figure 3-4 where the controller regulates the curves to operate at the intersections to
provide maximum power transfer. PWM controllers cannot regulate their output current [40];
hence, our system will utilize a Renogy Rover 30A MPPT solar charge controller. This charge
controller also allows for DC loads up to 20A, which is more than what is needed in our system.

Figure 3-4: Typical MPPT curves at different irradiance levels [40].

3.4 Energy Storage Considerations

Due to the growing concerns about environmental impacts of fossil fuels and the demand
for a more dynamic and cleaner power grid. Battery energy storage systems are one of the fastest
growing technologies in the sustainable energy industry. There are four main types of battery
technologies that pair with residential solar systems: Lead-Acid, Lithium Ion (Li-ion), Nickel

Cadmium (NiCd), and Flow batteries [41]. Li-ion batteries are best for residential solar
installation because they can hold more power in a limited space than lead acid batteries [42].
According to the U.S. Department of Energy’s 2019 Energy Storage Technology and Cost
Characterization Report, for a 4-hour energy storage system, lithium-ion batteries are the best
option when you consider cost, performance, calendar and cycle life, and technology maturity
[43]. A Li-ion battery will be used due to its high qualities for home battery energy storage.

3.5 Parallelable Converters

In order to have a multiple-input single-output scenario two parallel converters will be
used to output a 48 VDC bus. The DC/DC Converter Modules (DCM) are manufactured by
Mean Well. The two isolated converters are DDR-120A-48 and DDR-120B-48, the 120A type
will meet the charge controller 12 V input by having an input voltage range from 9-18 VDC. The
120B type will grab the input from grid power supply converter 24V output, it has an input
voltage range from 16.8-33.6 VDC. Both converters are 160 W 48 VDC output to combine a
total of 360 W 48 VDC bus rail to feed the step-down converters for the loads. These converters
were chosen because it has internal surge protection fuses and different variety types within the
same family. Such as type C and D, type C has input range 33.6-67.2 VDC and type D has 67.2154 VDC. This will later simplify the installation of new converters that may be needed for
different source input voltages.

3.6 Grid to MISO Power Supply

The second input to the MISO is grid power. An AC-DC converter is needed in order to
convert the 120VAC to 24VDC to feed the second MISO input. The converter used is the PSC15124 by Altech. This power supply provides 150W at 24VDC output, which is enough power to
supply the parallel converter of 120W. This input will be enabled to feed the DC loads when the
charge controller doesn’t have enough power to feed the DC loads.

3.7 Output Converters

The 48VDC bus rail will serve as the input for the load converters to be stepped down to
12VDC and 24VDC. The two converters used in the step-down process form part of the same
famish as the parallelable converters for the MISO. Models DDR-120C-12 and DDR-120C-24
are chosen because they have the same input nominal voltage 33.6-67.2 VDC and have different
outputs: 12VDC and 24VDC both at 120W. This way multiple loads can be connected within the
same converter.

3.8 Inverter

Blackouts and emergency power shutdowns occur more frequently than one would
desire. The battery energy storage in this project will be able to supply power to feed the AC
loads when such power shutdowns occur. The grid power is 120VAC rated at 20A, this has a
maximum power of 2,400W, but per National Electrical Code (NEC) any Over Current

Protection Device (OCPD) can be loaded to only 80% of its rating for the continuous load. This
brings down total wattage that can be used 1,920W. A 2000W isolated inverter will be used since
the inverter will be manually turned on when grid power turns off.

3.9 Protection

One of the main system requirements for any design is safety. There are many different
protection types such as OCPD, arc fault protection, ground fault protection, etc. On the AC side,
standard 15A overcurrent protection breakers will be used. OCPD are more difficult to
implement on DC. For DC, they will be DC breakers at each converter rated at each of the
converters rated maximum current flow. Since the two parallelable converters will be replaced
by a PCB printed MISO at one point a DC breaker will installed at the 48VDC bus rail to ease
further design in future projects. The DC breakers will be DIN rail mount to ease the installation
with the converters since they will be within the same enclosure. A fuse will also be placed
between the solar panel and the charge controller, rated according to short circuit current of the
panel. Additionally, a fuse will be added before the battery to the inverter to prevent overcurrent
from the inverter.

3.10 Monitoring

Capturing or reading real-time power consumption and power delivery will show how
efficient the subsystems and the system is. Both DC and AC power will be monitored using a

combination of inline and hall effect sensors to give voltage, current, and power readings. Inline
sensors will be placed throughout the DC power system. For example, between the charge
controller and input of the parallelable DC/DC converters, between the AC/DC converter and the
input of the parallelable DC/DC converter, and between the output of the parallelable DC/DC
converter and the DC busbar. The clamp hall effects will be used for AC monitoring. One will be
placed between the inverter and switch 1 (S1) and the other will be placed after the AC busbar.

Table 3-1 lists the detailed design specifications of the project along with their justification.

Table 3-1: AC/DC hybrid home specifications
Engineering
Justification
Specifications
AC 120 Vrms 60 Hz Input/Output

Power coming from the grid

A 48V, 6.66A max DC Bus

DC bus eliminates need for AC/DC

connecting sources and loads

conversion. 48V is most efficient.

DC output of 12V 120W

Support multiple 12V DC loads

DC output of 24V 120W

Support multiple 24V DC loads

System power efficiency from

AC systems have a typical efficiency of

source to load of 90% or more

82%-87%

18VDC 210Wpk solar panel

210W provides sufficient power for DC
system

12V storage capacity 100Ah

Power 280W for 4 hours

Follow NFPA 70A: Requirements
for one- to two- family dwellings

National electrical standard for one and
two person dwellings from the National Fire
Protection Agency

THHN wire to carry both AC and

This wire complies with NEC for OCP

DC voltage
Not including sources, the system
must take up a total volume less than 2m3

To make the system viable to use, the
volume it takes up must be reasonable to fit in a
home without the need to remodel

AC terminal will use a typical threeprong outlet
DC terminal will use a typical
cigarette lighter socket

Hot, neutral, and ground 3-prong
system
Cigarette sockets are known to be rated
at 12V or 24VDC. No confusion between AC

7’x 12’ shed

DC house in EE patio

5A DC load protection

DC loads take about 5A, anymore
would harm the loads. Not common

Standard AC protection

AC system should be relatively stable
since AC is common in most homes today

Monitor voltage, current, and power

Real time measurements will be needed
for analysis and future research

12V isolated 2000W inverter

Battery voltage is 12V. enough power
to supply AC and DC loads

Convert generated power to stored
power.

Efficiency can increase with the usage
of an MPPT charge controller

Chapter 4: Design
The design goal of this project is to utilize renewable energy as much as possible to be
less dependent on the energy supplied by the grid. The hybrid AC/DC house project aims to
achieve this by efficiently utilizing solar energy to reduce power losses in residential homes.
Currently, residential homes that have solar panels installed require the DC generated by the
panels to be converted to AC in order to synchronize with standard AC home systems and then
converted back to DC per load requirements. Our design offers a hybrid AC/DC method to
circumvent these lossy conversions caused by outdated systems. To implement this, an
additional 48V DC bus will be added to the system to directly supply the DC voltage straight to
the loads for significantly less losses. This 48V bus will be powered primarily through the solar
panel and its 12V battery backup with the option to supplement it from the utility if needed. Both
the utility and renewable energy sources will be designed to act as input to a MISO converter
that will be completed next quarter. For the time being, each source will be boosted or bucked to
48V by use of DC-DC converters to which will be cascaded to another set of DC-DC converters
to supply either 12V or 24V to DC loads. AC loads will also be supplied by renewables via an
inverter or power directly from AC to reduce losses.

4.1 Solar panel
The system’s renewable energy source currently consists of a preinstalled STP210-18
solar panel and its specifications are shown in Figure 4-1. The system nominal voltage of 18V
and 13.6% efficiency is not listed in the table, but it is to be considered as known operating

values. The solar panel also must have a battery to store energy when there is low demand, so it
is hooked up to a charge controller which is then bucked down and fed to a 12V battery.

Figure 4-1: DC shed solar panel specifications.

4.2 Energy Storage

For this system, an Ampere Time LiFePO412V 100ah battery was provided to us from a
prior work on the project. Li-ion batteries are known to be more costly and yield higher charge
density, longer life span, and require lower maintenance. Based on the given battery size of
100ah, our design will be constrained to supplying loads under this limitation. The loads being
used in our system are a 65W (DC) television, 10W (DC) LEDs, and a cooler. Future AC and
DC loads such as a fan, a small refrigerator, and others will be added. The batteries must be
capable of supplying 250W of power for at least 4 hours. This will result in the power
consumption of 1000Wh which is below the 1200Wh limitation and allows for expansions in
future projects.

Figure 4-2. Ampere Time LiFePO412V 100ah battery.
4.3 Inverter

In order to supply the AC loads when there is a power outage an inverter must be placed
in series with the output of the charge controller. This acts as the energy storage of the system.
The operating voltage of the battery is nominal of 12VDC, so this will dictate the type of inverter
used. Figure 4-3 shows the Royal Power 2000 PIC-2000 inverter which is a non-grid tied as our
design has a separate transfer switch. The inverter has on operating voltage of 12V with
maximum power rating of 2000W. Additionally, the maximum charging current from the
inverter is 20A which is well below the maximum charging and discharging current of the
battery. This gives the option to charge the battery when the solar panels are not producing
enough energy to completely charge the battery.

Figure 4-3. Royal Power Inverter

4.4 Input Converters

The primary objective of the hybrid AC/DC house is to be able to have the ability to
accept multiple renewable energy sources and combine them to a single 48VDC bus. This is
made possible using DC-DC converters to accept wide ranges of inputs to account for the
fluctuation that occurs within renewable energy sources. In this design we will utilize a total of
four of these converters. The first two are placeholders for a multiple input single output (MISO)
converter that is currently being redesigned by another senior project. For context, the MISO can
accept up to 3 inputs and it has a maximum output of 600W at 48V, yielding a maximum output
current 12.5A. The second two will be used to buck down the 48V from 12 and 24V. These are
also in place of a smart wall plug currently in developmental stages that will eliminate the need
of excessive conversions. With these considerations being accounted for, we decided exclusively
on using highly efficient DIN rail mountable DDR-120D-12 Mean Well converters. The two
input converters were chosen as temporary substitutes for the MISO converter, so cost

considerations were made in the selection process. Therefore, they can only supply an output
current of 4.4A to the system, which will be our load limitation. The second pair of output
converters; however, were selected to be able to handle closer to the maximum output current of
the MISO at 11.4A.

Figure 4-4. Input and Output DC-DC converter (TYP)

4.5 Power Supply

The Altech PSC-15124 AC/DC power supply will be used from a prior hybrid house
project and will be implemented in our design because of its suitability. This power supply
converts the AC voltage coming from the utility to DC voltage to supply power to the DC loads
if the battery is low or the solar panel is not providing enough voltage to the 48V bus. This
power supply also satisfies our design requirements of high efficiency at 87% and DIN rail

mountable for a professional looking finish. One thing to note about this converter is that it has a
nominal DC output of 24V at maximum output power rating of 151W. From this we can also
calculate the maximum output current to be 6.3A for the DC loads from the utility. This power
supply also serves as an input voltage for the DCM converter that produces the highest efficiency
of 90.6% at nominal trim as shown in Figure 4-6. This yields an AC branch efficiency of
78.82%.

Figure 4-5. Efficiency vs. Input Voltage at nominal trim [16].

Figure 4-6. Altech PSC-15124 AC/DC converter.

4.6 Output Converters

As mentioned previously our design is based around MISO parameters which have the
capacity to output 12.5A. The output converters were then chosen to support this amperage
output to drive the maximum number of loads that the MISO would be able to handle. Because
of this, we decided to keep the converter manufactures consistent and use the DDR-240D-12
Mean Well brand but with a higher output capacity than the input converters. Two converters
were chosen to output 12V and 24V with output current ratings of 10A each. These will be used
to drive 24V LEDs and a 60W 12V television. The selection of these converters satisfies all our
requirements: DIN rail mountable, high efficiency, and high capacity.

4.8 Protection Devices

A 15 Amp Square D single pole overcurrent protection breaker (HOM115CP) will be
used, since the size gauge wire installed is 14-gauge copper that is rated for 15 amps. These
breakers will be located within the AC panel enclosure. The DC breakers were chosen from the
converter’s rated maximum current, both of which are 5A. The controls 1100-CB1C2D50 5A
DC breaker were used and will be located with the DC NEMA box enclosure. From the
controller to the battery, a 30A fuse to protect the controller from the battery’s
overcurrent is necessary. The fuse Windy Nation ANL-FH-30-2 was installed.

Figure 4-7. 15A Square D AC breaker

Figure 4-8. Controls 5A DC breaker

Figure 4-9. Windy Nation 30 Amp Fuse

4.9 Monitoring

To ensure the system is behaving properly, monitors were placed throughout the inputs
and outputs of different modules. three monitors will be used: AC monitor, DC monitor, and
battery monitor. The AC monitor (CrocSee CRS-022B) and battery monitor (DROK
B07YWVCBRN) use the hall effect while the DC monitor (Bayite PZEM-051) uses a shunt. All
three monitors simultaneously display voltage, current, and power. Each type of monitor has
their own rated characteristics. The AC monitor voltage can range between 80-260V at a

maximum current 100A. The battery monitor voltage can range up to 90V at a maximum current
of 100A. The DC monitor voltage can range between 6.5-100V at a maximum current of 100A.
All these capabilities are above the maximum values of what is seen in our system: 120VAC,
48VDC, 30A.

Figure 4-10. AC monitor

Figure 4-11. DC monitor

4.10 Load Interfacing

One big concern when load interfacing is to differentiate between AC and DC
receptacles, so residents know which outlet to connect to. There are three different voltage
outputs 120VAC, 12VDC, and 24VDC. For the 120VAC, standard 3-prong receptacles will be
used. The Leviton 15A 120V residential grade outlet will be used to interface the AC loads. DC
outlets in residential homes do not exist. So, in order to differentiate between DC and AC outlets,
cigarette lighter outlets will be used. They are usually used in 12V or 24V applications such as
cars, RV’s, boats, tractors, etc. Each socket will have labeled 12VDC or 24VDC. The lighting to
be switched ON/OFF are rated 24VDC, a standard Leviton single pole switch will be used.

Figure 4-12. AC 3-prong Grounding Outlet

Figure 4-13: AC/DC Single Pole Switch

Figure 4-14. 12-24VDC 10A Cigarette Lighter Socket

Chapter 5: Hardware Test and Results
The installation of the hybrid AC/DC house consists of five main modules/enclosures.
These enclosures consist of the monitors, AC panel, DC panel, charge controller, and
battery/inverter. The monitor enclosure contains all the components and wiring required for both
the hall effect and shunt monitors. The AC panel consists of a 120VAC bus rail which is tied to
the AC breakers that feed the AC loads. The DC panel contains the input and output DCMs as
well as the power supply and DC breakers. The charge controller is by itself in a transparent
enclosure to enable us to visually see the digital display. Lastly, the battery and inverter are in
the floor secured by fasteners to keep them stationary. All these enclosures are mounted in a
wooden backboard that is 2’x4’ and ½’ thick plywood sheet and are tied in together by ½”
Electric Metallic Conduit (EMT). The EMT will be used as a runway for all wires needed to
communicate within other enclosures.

5.1 AC Input/Output

The AC panel shown in Figure 5-1 is fed by a transfer switch shown in Figure 5-2 that
contains the option to feed it by either the utility power or the inverter connected to the battery.
A 3-cable pigtail was used to connect the inverter to the transfer switch. An exterior 120VAC
receptacle was installed to ease connecting the extension cord (utility power) to the transfer
switch. Since this is non-grid tied, the switch will always be positioned so that the AC panel is
fed by the utility. It will only be flipped to inverter power when there is a power outage or utility
power is not applicable. The transfer switch is in a 4”x4”x2” metallic box that is secured to the

2”x4” stud with wood screws (TYPICAL). 14-2 Romex is used as the conductors to feed the AC
loads. There are four AC breakers that feed the DC converter, load #1, load #2, and load #3 was
run as a spare for future loads. The 120VAC receptacles are placed in a 4”x4”x2” metallic twogang box that will also have DC sockets.

Figure 5-1: AC Panel

Figure 5-2: Transfer Switch

5.2 Battery/Inverter

The battery is placed inside a battery box; however, the wires are exposed not within an
enclosure as we couldn’t find an enclosure big enough to fit both the battery and the inverter.
The inverter is connected directly to the +/- of the batteries fuse using the cables provided by the
inverter’s manufacture. To connect the battery to the charge controller, the battery terminals
were clamped using 5/16” nuts and bolts and 10 AWG wire. Figure 5-3 shows the battery to
inverter connection.

Figure 5-3: Battery/Inverter Setup

5.3 Charge Controller

The charge controller enclosure (BUD NBF-32218 NEMA) consists only of the charge
controller as shown in Figure 5-4. This enclosure was chosen because it has a clear cover to
easily read the digital display on the charge controller. It has two inputs and one output terminal
that in total has six ports: +PV, -PV, +Batt, -Batt, +Load, -Load. An EMT was used as a raceway
for both the battery and solar panels wires (10 AWG) to reach the enclosure. The load side wires
(12 AWG) of the charge controller are then directed to the DC enclosure for the DCM’s.

Figure 5-4: Charge Controller Enclosure

5.4 DC System

The DC enclosure includes all the DC components: DCMs, AC to DC converter, and
breakers. All three components were mounted using DIN rails that were screwed into the back of
the box for ease of installation and removing if need be. The AC to DC converter and the output
of the charge controller serve as the inputs to the MISO. In our case two separate DC-DC
converters that output 48VDC. Both Outputs were tied in to an OR diode to prevent back feeding
the converters. The OR diode then created the 48VDC bus that served as the inputs to the load
DC converters. These outputs were then wired to the DC breakers for overcurrent protection to

the converters. The breakers then fed the 12VDC and 24VDC sockets to be connected to the
loads. 14 AWG copper wire was used throughout the wiring of the DC system enclosure. Before
connecting everything together as seen in Figure 5-5 and each converter was tested separately.
Figure 5-6 shows the bench set-up in system block diagram. The input converters efficiency is
shown in Figure 5-7, the output converters efficiency is shown in Figure 5-8, and the AC-DC
converter efficiency is shown in Figure 5-9. The data shows that the DCMs well maintain an
average efficiency of 90% or more.

Figure 5-5: DC Panel

Figure 5-6: Measurement Setup for Converters Efficiencies

Figure 5-7: Input Converters Efficiency vs Percent load

Figure 5-8: Outputs Converters Efficiency vs % Load

Figure 5-9: AC-DC Converter Efficiency vs % Load

5.5 Monitors
To properly install and terminate the monitors a 10”x10”x4” NEMA metal indoor J-box
was used to have enough space for all the wiring and mounting the monitors. The J-box has a flat
metal cover but using a Dremel and precise cutting slot was cut-out for each monitor to snap
into. Since the cover can’t be completely removed because of the attached wired monitors hinges
were attached to the cover and the box in order to swing the cover whenever the enclosure had to
be opened. Figure 5-10 shows the wiring diagram for the DC shunt monitors and Figure 5-11
shows the AC hall affect wiring diagram. The DC and AC monitors were able to properly show
the current, voltage, and power. All the wire connections were used with 22 AWG copper wire.
Figure 5-12 shows the monitors installed in the J-box.

Figure 5-10: Wiring Diagram for DC Monitor

Figure 5-11: Wiring Diagram for AC Monitor

Figure 5-12: Monitor Layout

5.6 Overall System Construction

When constructing the system, one of the main goals is to make it look like how an actual
residential electrical power system looks. Figure 5-13 shows the overall finished project with all
panels tied together. The work here speaks for itself, the mission was accomplished by having a
system that stands out professionally and efficient at the same time. The lighting used in this
project consists of three 24VDC LED light bulbs inside and one light bulb outside that are
controlled independently by a single-pole switch as shown in Figure 5-14. The outlets are shown
in Figure 5-15, the standard 120VAC and either a 12VDC or 24VDC socket next to it. Since
USB-C is getting very popular today, we decided to implement two sockets to convert either
12VDC or 24VDC to one USB-C and one USB-3.0 prong to charge any type of electronic device
(Figure 5-16). The sockets were terminated by using female spade quick disconnects for a
quicker replace time. After finished running all the wires to the system, a hammer and a box of
Romex staples were used to secure and keep all the wires in their place.

Figure 5-13: Hybrid AC/DC House System Finished Installation

Figure 5-14: LED lighting

Figure 5-15: AC and DC Outlets

Figure 5-16: AC and DC Outlets

The final system works under five different scenarios: DC and Grid, DC only, AC only,
DC with inverter, and AC with converter. All cases were tested with the 24VDC lights, the
12VDC fan, and the 120VAC. Figure 5-16 shows both DC and Grid power, Figure 5-17 shows
DC only, Figure 5-18 shows AC only, Figure 5-19 shows DC with inverter, and Figure 5-20
shows AC with converter. The system will work under any power condition if the battery is
sufficiently charged to feed the loads. For example, the 12VDC and 24VDC and 120VAC
outputs will always be powered regardless of if the input is DC or AC.

Figure 5-17: AC and DC Monitor Layout

Figure 5-18: DC Monitor Layout

Figure 5-19: AC Monitor Layout

Figure 5-20: DC with Inverter Monitor Layout

Figure 5-21: AC with Converter Monitor Layout

Chapter 6: Conclusion
The primary goal of the hybrid AC/DC house is to reduce dependance on the grid and to
increase the use of renewable energy. This project provides the proof of concept that this can be
not only a viable cost reduction option, but also lead to a more sustainable future. The more
energy that can be locally sourced and used efficiently will cut costs on both energy generation
and transmission from the utility. A switch towards renewables also means a decrease in fossil
fuels which is better for the environment as mentioned in previous sections. Our system
successfully implemented AC and DC loads under various testing conditions as a particular
emphasis was placed on source back feeding preventions. However, as with every initial design,
compromises and workarounds come due to time constraints and other barriers. Even though we
have made substantial progress towards our end goal, there is much work to be done to improve
the hybrid AC/DC house.

6.1 Project Recommendations

The hybrid AC/DC house is an ongoing project that evolves every year for future
improvements. The theme consistently running throughout this report notes that the system is
designed around a yet to be finished 600W MISO converter that will replace two of the existing
converters. There are many benefits the MISO will bring to the project, such as improved
efficiency, higher current output, and the ability to accept additional source inputs. The MISO is
over 90% efficient and would get rid of the two DC/DC input converters. It also has a patented
current sharing technology developed by Cal Poly which allows the current from each energy

source to be combined to support higher load demands. Adding this to our current system would
greatly expand our input and output capacity, which in turn would allow for more sources or
loads to be added in the future. In our case, we did have enough time to fully stress our system
and add more loads as this would have been the next step in our verification process.
Additionally, further development could be done to accept an AC input source, rather than
strictly DC sources. This would eliminate the need for the AC/DC power supply, which is
limited to 150W 6A output, resulting in a reduction in capital investment while providing an
increase in its capacity.

Another improvement to the system would be to design an automatic transfer switch that
would serve as an interface between the utility and the inverter. Currently we are using
switchgears to manually select if we want the AC voltages to come from the utility of the
inverter which is cumbersome. Ideally, a future senior project could be implemented to design
and sense when the renewable energy sources were running low and to switch over to the utility
as a supplement. Also, the design must also include a sensor of some sort that when the inverter
is on, it should disconnect the path back to DC conversion to avoid an infinite power conversion
loop.

Additional functionality that would make the system more modern and versatile would be
to add remote monitoring and control for the DC system. Remote monitoring would allow
readings to be displayed via an application from any typical phone or tablet. In our case, we have
a remote AC monitoring system being displayed on a tablet in the shed, but it does not interface
correctly with DC. This would be a great benefit, both for presenting this to future investors and
for users to track load demand usages.

Lastly, it would be convenient to make sure that the battery is always fully charged in
case an outage occurs on the grid. Currently the battery is only being charged from the solar
panels which on a typical day, could only charge it while the sun is up. There are a few obstacles
that can make this challenging to implement. Firstly, The AC-DC power supply converts AC to
24V, and the battery is a 12V battery, so there much be an additional step down that must occur
first, introducing losses. Secondly, only one source should be charging the battery at any given
time to avoid back feeding to one of the sources. In this case, there would need to be logic
created to give priority to charge the battery from the solar panels and to switch to the grid only
when the solar is lacking the required voltage (i.e., at night).

Overall, this design gives future senior projects a springboard to improve existing
workarounds and to make the hybrid house into a model to achieve a more sustainable future.
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Appendix A – Analysis of Senior Project Design

Project Title: Hybrid AC/DC House: The Road to a Sustainable Future
Student’s Names: Luis Rodriguez, Nick McAdams
Advisor’s Name: Dr. Taufik

1. Summary of Functional Requirements
The hybrid AC/DC electrical system aims to decrease the dependence of energy
consumption of the grid and prioritize the use of renewable energy. This system provides a dual
AC/DC bus system into existing residential homes. The DC bus is designed to reduce losses
experienced from DC-AC and AC-DC conversions. The DC bus receives power from three
sources, the utility, a solar panel, and an extra input for further renewable source expansion in
future. The sources are connected to a MISO (multiple input single output) converter that powers
a 48V DC bus. The DC bus buck converts to 12V and 24V, the load voltages are used as proofof-concept. The DC inputs must also power AC loads until the battery cannot support it, then
switch to AC. If the DC voltage is unavailable, the AC should be able to take over and power
both AC and DC loads.

2. Primary Constraints
Limiting factors pertaining to the hybrid AC/DC house relate to the lack of readily
available solutions to integrate into our system. There are very few options when it comes to
supplying DC loads with their required voltages. Therefore, the design of our system must have
predefined voltage levels with receptacles that correspond to 12 and 24V as required by our
system. When comparing this to AC for example, a common voltage is 120Vrms at 60Hz which
many electronics are designed around. Some have built in AC to DC converters which require an
AC input even when they operate on DC voltage. This limits the number of devices that can be
tested from our system.
Another factor limiting our design is the completion of the MISO converter. The design
was never finished which limits the amount of current that can be supplied to loads and lowers
efficiency. This led us to implement two paralleled DC-DC converters to support the 48V bus.
The outputs of each 48V converter must be connected to OR diodes which also limits our current

output further. Fortunately, the design was made in such a way that when the MISO is
completed, it will be able to operate at maximum capacity.

3. Economic
• What economic impacts result?
This hybrid system has an initial investment cost, but it will offer significant reduction in
energy costs from the user. Solar panel owners will experience higher efficiency which will
correspond to lower energy bills from the utility company. Successful implementation of this
system would also allow electronic manufacturers to eliminate the AC-DC converters in their
designs and as a result increase revenue.
• When and where do costs and benefits accrue throughout the project’s lifecycle?
The extra energy saved in eliminating the conversions from DC-AC and AC-DC from
solar production account for much of the benefits of this hybrid system. This will result in more
power at a lower cost than a system that operates on an AC system. Without making investments
to upgrade existing infrastructure the positive effects that come as a result of renewable energy
will not be fully achieved. Overall, this system will reduce stress on the grid while reducing the
amount of non-renewable energy being used, resulting in lower electricity bills.
• What inputs does the experiment require? How much does the project cost? Who pays?
The hybrid AC/DC house input comes from the sun, a free source of power and
connection to the local AC grid. The project, including labor, has cost estimations of $19,471.
Cal Poly must provide access to a shed for construction, and all additional equipment used for
design and testing. Funding the project from the project must also come from Cal Poly for the
initial investment.
• How much does the project earn? Who profits?
The hybrid system was designed for the energy consumer to be the prime beneficiaries of
this system. Homeowners must make an initial investment which will yield month over month
savings on their utility bills or eliminating them all together. It is also possible to get credit from
the utility company if the system creates more energy than is required by the household. If
marketed correctly, a portion of that investment cost would go to Cal Poly which provided us
with the tools and resources necessary to create this prototype.

• Timing
This project, being an upgrade to existing infrastructure, was designed with protection in
mind to increase reliability. The system should last for over 30 years with the constraint being
the quality of solar panels purchased.

4. If manufactured on a commercial basis:
This project does have the potential of going to market soon. The hybrid AC/DC house
has become more than just a proof of concept in this stage of development and only require
completion of the smart wall plug to become a marketable product.
If marketed, this device would have a parts cost of $2,924 without any inputs selected.
With profit margins of 50%, the system costs the user $4386. With the inclusion of solar panels,
the price can increase $500-$3000 depending on total wattage desired. An average residential
home with solar panels in the U.S. produce on average 5kW of power and over 2,000 MW of
solar panels were installed in 2019. This would equate to about 400,000 solar installations per
year. If we assume that the hybrid AC/DC would account for just 2% of the systems installed, at
least 8,000 hybrid systems will be sold which would yield $10.6 million in profit.

This system does have the capability to be marketed as a solution to rural off grid housing
which currently does have a demand in hard to access communities where connection to the grid
is either not possible due to terrain or cost issues.

5. Environmental
One of the primary goals of the hybrid house is to reduce reliance on the grid, which
mostly comes from non-renewable sources. Our project creates a system to make better use of
renewable energy sources by eliminating wasteful energy conversions. By doing so, we can
provide more renewable energy to homes with the same energy production, but with a reduction
of carbon emissions from fossil fuels. However, there is a possibility of negative environmental
impacts from the production of more solar panels. The production of solar panels generates
wastewater and uses chemicals harmful to the environment. If these panels are not disposed of
properly, it can result in chemicals used in these panel's construction to enter the environment.
The same can be said about the DC-DC converters which can introduce additional soil and
waterways absorb these chemicals. The large amounts of silicon needed to produce these, use
large amounts of water and add to emissions from mining. Also, every electronic device has an
expiration date and can fail leading to excess waste and more production. This is the primary
reason why such an emphasis on system protection was of the highest priority in the design
process. Even with these negative aspects listed, the net effect on climate change will result in
reduction of emissions that enter the atmosphere and its effects on climate change.

6. Manufacturability
The manufacturability of the hybrid house on a mass production scale can pose a
challenge to the electronics industry. Currently, we are in the midst of a semiconductor shortage
so ramping up production of DC-DC converters would put stress on an already stressed industry.
This would result in slow manufacturing of the hybrid house and potentially look bad to future
investors.
Shipping the solar panels for our systems renewable energy source cannot be avoided. To
minimize the effects of this, installers should source parts from manufacturers located close to
the installation site to reduce shipping distances. With the increase in demand, it is plausible that
the availability of solar panels will become surplus and therefore be available in more nearby
areas.

An important consideration is that most systems will need to be specific to the home they
are installed in. This means that mass manufacturing can be difficult and expensive. To reduce
this cost, it is our recommendation that standards homes be installed with the same ratings
depending on square footage and average energy consumption.

7. Sustainability
Solar panels require the most to ensure proper operation and to prolong the life of the
units. Constant exposure to the elements degrades and becomes less efficient as a result. This is
the opposite of what the design is intended to do. Solar panels and other renewable sources do
not have the adverse side effect as that of the coal power plant. There is also almost limitless
supplies of renewable energy sources depending on where residents are located. The more people
that switch over to hybrid AC/DC systems, that large impact this will have on the environment
and thus become more sustainable as coal supplies are finite. In order to take advantage of these
sustainable energy sources, batteries must be used to provide homes with reliable energy when
demand increases in high usage timeframes.
The implementation of Solar panels with converters will result in higher power
conversion efficiency and increase sustainability. With power being converted less, this will
reduce the amount of power needed from the majority non-renewable grid. The ability to storea
large amount of energy in a small space is important for improving the resilience and spatial
footprint of the system.
In order to increase sustainability, homeowners can install more solar panels or purchase
larger batteries to increase the storage capacity. Proper maintenance of the solar panels must be
adhered to, and old units must be disposed of properly to maintain a high confidence level of
sustainability. Improper disposal can cause harm to the surrounding environment and in the case
of batteries, the chemicals in the batteries can cause destruction of habitats.

8. Ethical
The adoption of this system in homes positively affects the consumer while also
positively affecting the environment, thus helping to improve the quality of life for society.
However, the use of solar panels can have a negative effect as detailed above. Even if you
produce clean energy from the sun, solar panels can introduce chemicals into our water and soil.
To avoid this, it is necessary to purchase panels from conscious manufacturers and properly
dispose of or reuse old panels.

Using the IEEE code of ethics, we can analyze ethics relating to upholding the highest
quality of integrity, responsibility, and ethical conduct. The purpose of this project is to improve
the quality of life of its users and the lives of those in the community. Those without access to a
power grid can power their homes, while those with power improve system efficiency. The
project is also taking steps to improve the environment and reduce harmful effects that nonrenewable energy sources pose to the planet. This project does not take illegal action at any time
or does anything to jeopardize the team's integrity as its goal is to help humanity and to improve
their energy needs without causing harm and destruction.
The ethical framework of utilitarianism arises when considering our project. This project
attempts to provide efficient DC power to as many people as either a supplement or alternative to
using the grid. We need to rethink the use of power to ensure a sustainable future. The
environment can improve by creating more efficient and sustainable energy systems. This will
help all life on earth by providing a clean and thriving environment.

9. Health and Safety
The hybrid AC/DC house was rewired in such a way to comply with local safety
standards as this was a priority. Creating a new system for the first time can have unexpected
consequences and because we are working with high voltages, especially in the breaker panels,
we needed to work carefully. The system was redesigned in such a way to ensure the system had
no potential to start a fire or cause any other life-threatening issues that could occur in a
residential home. For this reason, the National Electric Code was strictly adhered to.
The addition of renewable energies can improve community health, especially those
living near fossil fuel plants. The production of renewable energy in home, residential, and
commercial locations will reduce the number of emissions produced by a typical coal operated
power plant.

10. Social and Political
The hybrid AC/DC house has a multitude of stakeholders including consumers both
residential and rural, the project team, companies that supply these products that are included in
the project, utilities, Cal Poly University, the environment, and politicians. This system provides
a better alternative to rural housing infrastructures and a blueprint on how to utilize renewable
energy on a large scale. The implementation of the hybrid AC/DC system will result in a
decrease in demand from the utility companies. Many politicians have been rallying around

renewable energy and hope for it to have a bigger impact on reducing carbon emissions.
However, there are many that disagree and do not want to change a power grid that has been
reliable for decades. There also is the factor that jobs may be lost if energy generated from fossil
fuels were to be eliminated. The project aims to deliver consumers efficient and reliable power
while helping reduce its carbon footprint.

11. Development
This project is a continuation of past projects related to the hybrid house which were
found using Cal Poly’s Digital Commons database. Research pertaining to the DC house and
environmental effects on global warming from fossil fuels were found. Educational and
corporate websites were used to learn more about the retail products to be implemented in this
system. Datasheets, user's manuals, and educational websites were utilized to maximize the
features provided in all commercially purchased products.
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